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in	plants,	makes	 it	 an	 important	variable	 for	monitoring	drought,	 crop	yield,	 and	
biomass—a	critical	capability	for	decision	makers	interested	in	food	security,	grain	
markets,	water	allocation,	and	carbon	sequestration	(Bastiaanssen	et	al.,	2005).
Because	 ET	 can	 be	 difficult	 to	 measure	 accurately,	 especially	 at	 large	 spatial	









This	 chapter	 describes	 two	 ET	 models	 representing	 each	 of	 these	 approaches:	
the	Vegetation	ET	(VegET)	water	balance	model	(Senay,	2008)	and	the	Simplified	
Surface	 Energy	 Balance	 (SSEB)	 approach	 (Senay	 et	 al.,	 2007,	 2011a),	 comparing	
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which	can	be	generated	using	meteorological	data	(net	radiation,	temperature,	wind	
speed,	relative	humidity,	and	air	pressure).	In	addition,	the	availability	of	rainfall	and	
land	surface	phenology	 (LSP)	data	 is	critical	 for	 the	VegET	water	balance	model,	
while	the	SSEB	energy	balance	approach	requires	LST	information	retrieved	from	
thermal	 infrared	 satellite	data.	These	differences	 in	data	 inputs	are	 important	and	





























































(FAO)	 algorithm	 for	 computing	 the	 crop	 Water	 Requirement	 Satisfaction	 Index	
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Building	on	the	WRSI	concept,	the	VegET	modeling	strategy	(Senay,	2008)	was	
recently	developed	for	estimating	ETa	in	nonirrigated	cropland	and	grassland	envi-





A	key	innovation	in	 the	VegET	model	 is	 the	 inclusion	of	 the	LSP	parameter,	
which	describes	the	seasonal	progression	of	vegetation	growth	and	development.	
The	 LSP	 allows	 the	 VegET	 model	 to	 be	 location	 (pixel)-specific,	 accommodat-
ing	localized	variations	in	vegetation	growth	patterns,	as	compared	to	the	region-
specific	 Kc	 function	 used	 in	 traditional	 agrohydrologic	 modeling.	 LSP	 can	 be	
observed	by	spaceborne	sensors	and	is	a	key	biophysical	parameter	that	links	the	
























































The	calculation	of	NDVIo	depends	on	 the	NDVImax	 specified	at	each	pixel	and	 is	
determined	using	one	of	two	following	cases:
Case	I:	If	NDVImax	>	=	0.40,	then
	 NDVI 3o = 0. 	 (6.3)
Case	II:	If	NDVImax	<	0.40,	then
	 NDVI 33 NDVI NDVI NDVIo max min min= ∗ − +0. ( ) 	 (6.4)
Equations	6.3	and	6.4	were	formulated	 to	handle	sparsely	vegetated	semiarid	and	







climate	 or	 land	 cover	 changes	 over	 the	 remote	 sensing	 data	 record	 to	 affect	 the	
water-use	 dynamics	 of	 a	 given	 individual	 modeling	 cell	 (or	 pixel)	 as	 represented	
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For	 operational	 monitoring	 over	 the	 United	 States,	 the	 VegET	 model	 is	 run	
at	 10	km	 spatial	 resolution	 (chosen	 to	 reduce	 computational	 time	 for	 a	 regional	
application)	 with	 operational	 products	 updated	 and	 posted	 daily	 at	 7:00	 pm	





























to	give	good	 results	 in	many	parts	of	 the	world	 (Bastiaanssen	et	 al.,	2005),	well-
trained	 operators	 are	 required	 to	 perform	 the	 selection	 of	 hot/cold	 end-member	
pixels,	and	input	data	requirements	can	be	prohibitive,	especially	over	large,	data-
sparse	regions.	As	an	alternative,	the	SSEB	approach	was	developed	at	USGS	Earth	
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Regressions	 on	 Independent	 Slopes	 Model;	 PRISM,	 2011)	 data	 set,	 selecting	 the	




































P	and	Q.	The	SSEB	ET	shows	a	general	underestimation	 in	 the	 lower	ET	 region	
(ET	<	600	mm)	compared	to	higher	ET	zones.	More	importantly,	the	high	r2	(0.90)	









Table	 6.1	 summarizes	 differences	 between	 the	 VegET	 and	 SSEB	 modeling	
approaches	in	terms	of	input	and	output	data	characteristics.	Operational	VegET	
output	 is	 currently	 produced	 over	 the	 CONUS	 on	 a	 daily	 basis,	 while	 SSEB-
based	 ETa	 for	 the	 CONUS	 is	 updated	 on	 an	 8	 day	 basis	 since	 the	 summer	 of	
2011	(http://earlywarning.usgs.gov/usewem/eta_energy.php).	Historical	monthly	
SSEB	 ET	 outputs	 are	 currently	 available	 from	 2000	 to	 2009	 for	 the	 CONUS	
and	are	being	validated	using	flux	and	water	balance	model	outputs.	In	addition,	







“normal”	 or	 “average”	 historical	 conditions	 for	 that	 time	 period.	 This	 is	 because	
anomalies	 (wetter	or	drier	 than	usual)	 are	 easier	 to	understand	and	measure	 than	
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and	SSEB	models	are	presented	 in	Figure	6.3a	and	b,	 respectively.	Generally,	 the	



























maps,	 where	 below-average	 conditions	 (<50%	 normal	 ET)	 prevailed.	 These	 areas	
also	compare	well	with	the	drought	depiction	by	the	U.S.	Drought	Monitor	(USDM)	
of	moderate	to	severe	drought	for	much	of	the	growing	season	(data	not	shown	but	








































































































FIGURE 6.3 Seasonal (April–October) total ETa (mm) and ET anomalies (%) for CONUS 
in 2009: (a) seasonal VegET ETa, (b) seasonal SSEB ETa, (c) seasonal VegET ETa anomaly, 
and (d) seasonal SSEB ETa anomaly.
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6.3.3  case stuDy: seasonal et time seRies










Custer County, NE and Duval County, Texas
ET anomaly (%)































































is	 generally	 under	 a	 predominantly	 rain-fed	 system,	 and	 rainfall	 moisture	 inputs	

































failure	 (Tadesse	 et	 al.,	 2008).	 The	 FEWS	 NET	 (http://earlywarning.usgs.gov/fews/)	
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with	mean	annual	precipitation	over	 the	basin,	derived	 from	satellite-based	 rain-
fall	 estimate	 (Xie	 and	 Arkin,	 1997).	 As	 expected,	 high	 and	 low	 rainfall	 regions	
in	Figure	6.5a	show	corresponding	high	and	 low	ET,	 respectively,	 in	Figure	6.5b	









stream	 for	 the	 entire	 African	 continent.	 An	 operational	 ET	 anomaly	 product	 has	
been	produced	and	staged	at	the	FEWS	NET	website	(http://earlywarning.usgs.gov/
fews/africa/index.php)	since	June	2011.	The	new	SSEB	products	consist	of	monthly	
and	 cumulative	 ET	 anomalies	 at	 1	km	 resolution.	 A	 sample	 product	 is	 shown	 in	
Figure	6.6,	highlighting	the	severe	drought	(up	to	<50%	of	normal)	in	east	Africa	as	a	
seasonal	anomaly	between	January	1	and	July	3,	2011	(most	recent	available	data).	















































FIGURE  6.5  (See color insert.)	 Spatial	 distribution	 of	 satellite-derived	 annual	 rainfall	









































FIGURE 6.5 Spatial distribution of satellite-derived annual rainfall in northeastern Africa 
(median of 2001–2007) (a) and annual ETa from the VegET model (median from the same 
period as the rainfall) (b).
Legend
Cumulative evapotranspiration (ETa) anomaly
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FIGURE 6.6 Africa-wide seasonal anomaly of ETa from the SSEB model output for 2011 as 
of July 3, 2011 (January 1–July 3). SSEB ET anomaly is operationally processed and posted 
on a FEWS NET website regularly on an 8 day time step.
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FIGURE  6.6  (See color insert.)	 Africa-wide	 seasonal	 anomaly	 of	 ETa	 from	 the	 SSEB	
model	output	for	2011	as	of	July	3,	2011	(January	1–July	3).	SSEB	ET	anomaly	is	operation-
ally	processed	and	posted	on	a	FEWS	NET	website	regularly	on	an	8	day	time	step.
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provides	 more	 information	 on	 temporal	 soil	 moisture	 variability	 and	 runoff	 as	 a	
by-product	of	the	VegET	model,	which	is	useful	for	other	hydrologic	applications.	
In	comparison,	the	SSEB	ET	modeling	is	more	useful	for	quantifying	ET	from	non-
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